Hepatocellular carcinoma (HCC) is a deadly form of cancer without effective chemotherapy so far. Currently, only sorafenib, a multitargeted tyrosine kinase inhibitor, slightly improves survival in HCC patients. In searching for natural anti-HCC components from toad venom, which is frequently used in the treatment of liver cancer in traditional Chinese medicine, we discovered that arenobufagin, a bufadienolide from toad venom, had potent antineoplastic activity against HCC HepG2 cells as well as corresponding multidrug-resistant HepG2/ADM cells. We found that arenobufagin induced mitochondria-mediated apoptosis in HCC cells, with decreasing mitochondrial potential, as well as increasing Bax/Bcl-2 expression ratio, Bax translocation from cytosol to mitochondria. Arenobufagin also induced autophagy in HepG2/ ADM cells. Autophagy-specific inhibitors (3-methyladenine, chloroquine and bafilomycin A1) or Beclin1 and Atg 5 small interfering RNAs (siRNAs) enhanced arenobufagin-induced apoptosis, indicating that arenobufagin-mediated autophagy may protect HepG2/ADM cells from undergoing apoptotic cell death. In addition, we observed the inhibition of phosphatidylinositol 3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR) pathway by arenobufagin. Interestingly, inhibition of mTOR by rapamycin or siRNA duplexes augmented arenobufagin-induced apoptosis and autophagy. Finally, arenobufagin inhibited the growth of HepG2/ADM xenograft tumors, which were associated with poly (ADP-ribose) polymerase cleavage, light chain 3-II activation and mTOR inhibition. In summary, we first demonstrated the antineoplastic effect of arenobufagin on HCC cells both in vitro and in vivo. We elucidated the underlying antineoplastic mechanisms of arenobufagin that involve cross talk between apoptosis and autophagy via inhibition of the PI3K/Akt/mTOR pathway. This study may provide a rationale for future clinical application using arenobufagin as a chemotherapeutic agent for HCC.
Introduction
Liver cancer ranks third among all cancer-related deaths, causing more than 662 000 deaths annually worldwide, about half of which occur in China (1, 2) . More than 80% of liver cancer is hepatocellular carcinoma (HCC), which originates from hepatocytes, the predominant type of cells in the liver. The etiology of HCC is principally associated with hepatitis B and C infection. Surgical resection is the treatment of choice but is suitable for only a small fraction of patients with localized foci. Liver transplantation can be an option. However, it is restricted due to the limited availability of donor livers. Systemic chemotherapy with doxorubicin (Dox), paclitaxol and cisplatin as monotherapy or in combination has shown modest efficacy with severe side effects. So far, only sorafenib, a multitargeted tyrosine kinase inhibitor, has been shown to significantly improve survival by a median of 3 months in HCC patients (3) . Overall, although multiple modules of treatment including surgical resection and systemic or infusional chemotherapy have been applied, the overall 5 year survival rate for patients with liver cancer is <14% (4) . Therefore, there is an urgent need for novel chemotherapeutic agents for the treatment of HCC.
Toad venom (venenum bufonis, also called Chan'su) is derived from the dried skin secretions of giant toads (Bufo gargarizans Cantor or Bufo melanostictus Suhneider) and has been widely used for centuries in traditional Chinese medicine (TCM) alone or in combination with other herbal ingredients. In fact, toad venom is currently used in clinical practice of TCM to treat HCC (5) . Despite intensive efforts to identify the biologically active components of toad venom, the exact component(s) and the precise underlying mechanisms against tumor cells remain unclear (6) (7) (8) . In our bioassay-guided isolation of antihepatoma constituents from toad venom, we discovered that arenobufagin possessed the most potent antitumor activity compared with 15 reported bufadienolides isolated from toad venom (9, 10) .
Cruz et al. (11, 12) reported that arenobufagin blocks Na + -K + pump current in cardiac myocytes like other cardiotoxic steroidal compounds (e.g. digitoxin, oleandrin and bufalin). It has recently been reported by our group that arenobufagin blocks vascular endothelial growth factormediated angiogenesis (13) . Here, we reported the novel finding that arenobufagin induces apoptosis and autophagy via inhibition of the phosphatidylinositol 3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR) pathway in HCC cells. Our findings suggested that arenobufagin could be a promising agent for the treatment of HCC.
Materials and methods
Reagents Dox was purchased from Merck Calbiochem (San Diego, CA). Annexin Vfluorescein isothiocyanate (FITC)/propidium iodide (PI) apoptosis detection kit was supplied by Biouniquer Tech (Nanjing, China). 5,5′,6,6′-Tetrachloro-1,1′,3,3′-tetraethylbenzimidazolyl-carbocyanine iodide (JC-1) and Alexa Fluor 488-conjugated antirabbit IgG antibody were obtained from Invitrogen Molecular Probes (Guangzhou, China). Cyto-ID ® Autophagy detection kit was purchased from Enzo Life Sciences (Farmingdale, NY). Antibodies used in western blot analysis were listed in Supplementary Table S1, available at Carcinogenesis Online. Akt small interfering RNA (siRNA) I kit was supplied by Cell Signaling (Beverly, MA). PI3K activator was purchased from Santa Cruz (Dallas, TX). Atg5, beclin 1 and mTOR siRNA kits were purchased from Genepharma (Shanghai, China). Protein inhibitor cocktail tablets were purchased from Roche Applied Science (Mannheim, Germany). Hematoxylin and eosin staining kit was purchased from Jiancheng Bioengineering Institute (Nanjing, China). Other chemicals were obtained from Sigma (St Louis, MO).
Extraction and isolation of arenobufagin
The toad venom (1.5 kg) was dried and powdered. Arenobufagin was extracted using 95% ethanol under ultrasonic conditions (40 min, 40°C) and then Abbreviations: ANOVA, analysis of variance; BA, bafilomycin A; CQ, chloroquine; Dox, doxorubicin; FITC, fluorescein isothiocyanate; HCC, hepatocellular carcinoma; JC-1, 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide; LC3, light chain 3; 3-MA, 3-methyladenine; MDC, monodansylcadaverine; mTOR, mammalian target of rapamycin; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PARP, poly (ADP-ribose) polymerase; PBS, phosphate-buffered saline; PI, propidium iodide; PI3K, phosphatidylinositol 3-kinase; SEs, standard errors; siRNA, small interfering RNA; TCM, traditional Chinese medicine; TEM, transmission electron microscopy. † These authors contributed equally to this work.
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concentrated under reduced pressure to yield a 900 g residue. The residue was subsequently partitioned between methylene dichloride and water. The methylene dichloride extract (321 g) was then subjected to chromatography with silica gel (200-300 mesh) and eluted with successive mixtures of cyclohexane-acetone (5:1, 3:1 and 1:1) to give 15 fractions (fraction 1-15). Fraction 6 was further subjected to reverse-phase C 18 silica gel chromatography, eluted with methanol-water gradients (30:70-90:10) to obtain compound 1 (1.5 g). Compound 1 was identified as arenobufagin ( Figure 1A ) by comparing its spectrum data with parameters in the literature (14) . The purity of arenobufagin, determined by high-performance liquid chromatography analysis, was more than 98% (Supplementary Figure S1 , available at Carcinogenesis Online). Arenobufagin was dissolved in dimethylsulfoxide at a concentration of 500 μM and stored at −20°C.
Cell culture
Human HCC cell lines (HepG2, Hep3B and Bel-7402) and human breast adenocarcinoma cell line (MCF-7) were obtained from American Type Culture Collection (ATCC, Rockville, MD). Dox-resistant cancer cell lines HepG2/ ADM (15) and MCF-7/ADR were kindly provided by Kwok-Pui Fung (School of Biomedical Sciences, The Chinese University of Hong Kong) and Li-Wu Fu (Cancer Center, Sun Yat-Sen University), respectively. All cell lines were incubated in RPMI-1640 (Invitrogen) supplemented with 10% (v/v) fetal bovine serum (Invitrogen) and 1% (v/v) penicillin-streptomycin (Invitrogen) at 37°C in a humidified atmosphere of 5% CO 2 . Dox (1.2 μM) was added to the culture medium to maintain the multidrug-resistant characteristics of HepG2/ADM or MCF7/ADR cells.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay
The growth inhibitory effect of arenobufagin in HepG2 and HepG2/ADM cells was detected by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as described previously (16) .
Clonogenic survival assay
Cell proliferation ability was measured using colony formation assay. Approximately, 500 cells were seeded in each well of six-well plates. After 24 h, cells were treated with different concentrations of arenobufagin and incubated for another 24 h. Cells were then washed with phosphate-buffered saline (PBS) before being incubated in fresh medium and maintained in a humidified atmosphere of 5% CO 2 at 37°C for 10 days. Visible colonies were manually counted at four points of each well under an inverted phase-contrast IX51 microscope (Olympus).
Detection of apoptosis and mitochondrial membrane potential
Apoptosis was detected by Annexin V-FITC staining assay using Annexin V-FITC/PI apoptosis detection kit (Biouniquer Tech) according to the manufacturer's protocol. Arenobufagin-induced changes in mitochondrial membrane potential were measured using a lipophilic cationic fluorescent probe JC-1 as described previously (16) .
Transmission electron microscope ultrastructural observation
After treatment with arenobufagin for 24 h, cells were fixed in ice-cold 4% glutaraldehyde in PBS (pH 7.4) at 4°C overnight. Cells were washed twice with PBS, post-fixed in 1% osmium tetroxide for 1 h, dehydrated in a graded series of ethanol and acetone and then embedded in Epon 618. Ultra-thin sections (0.1-0.5 μm) were cut, double-stained with uranyl acetate and lead citrate, then observed under a TECNAI-10 transmission electron microscope (Philips, Netherlands).
Cyto-ID staining assay
Cyto-ID is a proprietary reagent, which specifically labels autophagic vacuoles and co-localizes with light chain 3 (LC3). Cyto-ID ® Autophagy detection kit (Enzo Life Sciences) was used according to the manufacturer's protocol. The fluorescence was measured by Tecan GeNios microplate reader (Tecan, Finland).
Monodansylcadaverine staining assay
Monodansylcadaverine (MDC), a lysosomotropic fluorescent compound, which selectively labels autophagic vacuoles, was used to assess autophagy induction by arenobufagin (17) .
Immunofluorescence staining LC3
HepG2/ADM cells were fixed with methanol for 10 min at −10°C and washed three times with PBS. After blocking with 5% bovine serum albumin in PBS-T for 60 min, cells were incubated with anti-LC3B antibody (1:100) at 4°C overnight and then incubated with Alexa Fluor 488-conjugated antirabbit IgG antibody (1:100) in darkness for 60 min at room temperature. Samples were washed with PBS for three times and examined under confocal microscope (Carl Zeiss, Germany) with excitation and emission wavelengths of 488 and 520 nm, respectively.
Isolation of cytosol and mitochondrial fractions
The cytosol and mitochondrial fractions of HepG2 and HepG2/ADM cells were isolated and immunoblotted with antibody against Bax as described previously (18) .
Western blot analysis
Preparation of total protein lysates and western blot analysis were performed as described previously (16) .
Small interfering RNA transfection
HepG2 and HepG2/ADM cells were seeded in six-well plates and transfected at 60% confluency with siRNA duplexes against human Akt (100 nM), mTOR (100 nM), Beclin1 (60 nM), Atg5 (60 nM) or control siRNA by lipofectamine 2000 (Invitrogen) according to manufacturer's protocol. After 6 h incubation, the transfected cells were exposed to arenobufagin for various time points, followed by analysis of cell viability by MTT assay, of apoptosis by flow cytometry, or of autophagy by MDC staining assay. Transfection efficiency was determined to be more than 75% by fluorescein-labeled non-targeted siRNA control (Ambion).
Tumor xenograft in nude mice
Male nu/nu BALB/c mice (4-6 weeks old) were obtained from SJA Lab Animal (Hunan, China). The mice were fed with sterilized food and water and were housed in barrier environment with a light-dark cycle of 12 h:12 h. All animal research procedures conducted conformed to the guidelines for the care and use of laboratory animals published by the National Institutes of Health and were approved by the laboratory animals care and use committee of Jinan University. HepG2/ADM cells (1 × 10 7 ) were inoculated subcutaneously on the backs of nude mice and allowed to grow for ~7 days to reach a tumor volume of ~50 mm 3 . Mice were randomly divided into three groups with six mice in each group. One of the groups was administered a daily intraperitoneal dose of 0.1% dimethylsulfoxide in PBS to serve as the vehicle control. The other two groups were administered daily with a low dosage of arenobufagin (3 mg/ kg/day intraperitoneal) or high dosage of arenobufagin (6 mg/kg/day intraperitoneal). Feeding behavior and motor activity of the mice were carefully observed, and their body weights were measured every 3 days throughout the treatment period. Tumor volumes were measured every 3 days and calculated using the following formula: a 2 × b × 0.4, where a refers to the smaller diameter and b is the diameter perpendicular to a. The mice were killed at the end of the experiments. Tumor xenografts were removed and weighed. Part of each tumor tissue was stored at −80°C for western blot analysis.
Immunohistochemical and immunofluorescence staining analysis
Glutaraldehyde-fixed tumor specimens were embedded with paraffin and cut into 5 μm thin sections. Each tissue section was deparaffinized and underwent hematoxylin and eosin and immunofluorescence staining analysis, respectively. Immunofluorescence staining analysis was performed with anti-pmTOR (Ser 2448 ) antibody (1:100) and Alexa Fluor 488-conjugated antirabbit IgG antibody (1:100), as mentioned previously.
Statistical analysis
All experiments were performed at least three times, and data were presented as mean ± standard error. GraphPad Prism 5.0 was used for statistical analysis. A difference was considered significant when P < 0.05.
Results

Arenobufagin inhibits growth of human tumor cells
The effect of arenobufagin on cell growth was investigated using MTT assay on several human cell lines. We first examined the effect of arenobufagin on the cell viability of human HCC cell lines (HepG2 and HepG2/ADM). As shown in Figure 1B Table S2 , available at Carcinogenesis Online) and other carcinoma cell lines (Supplementary Table S3 , available at Carcinogenesis Online), implying a broad spectrum of the antitumor activity of arenobufagin. Of note, multidrug-resistant HepG2 cells (HepG2/ADM) and MCF-7/ADR were more sensitive to arenobufagin than its parent cells reflected by the results of cell viability assay. Colony formation By flow cytometry assay of JC-1-stained HCC cell lines, we discovered that arenobufagin led to depolarization of mitochondrial membrane in both HCC cell lines in a dose-dependent manner ( Figure 1D ), suggesting that arenobufagin triggered apoptosis via mitochondrial pathways. Western blot analysis revealed that specific cleavage of poly (ADP-ribose) polymerase (PARP) and a decrease in pro-caspase-9 and -3 were also induced by arenobufagin treatment ( Figure 1E and Supplementary Figure S2B , available at Carcinogenesis Online). In addition, Bcl-2 level was decreased, whereas Bax level was increased ( Figure 1E ). Furthermore, a translocation of Bax from cytosol to mitochondria was also observed ( Figure 1F ). Taken together, arenobufagin induces apoptosis via the intrinsic mitochondrial pathways.
Arenobufagin causes autophagy in HepG2/ADM cells
Because HepG2/ADM cells showed lower sensitivity to arenobufagin-mediated apoptosis than HepG2 cells, we examined whether arenobufagin induced autophagy, which would have influenced the sensitivity of cancer cells to chemotherapy-induced apoptosis. After treatment with arenobufagin, autophagosomes and lysosomes were observed under TEM in some HepG2/ADM cells (Figure 2A ), prompting that arenobufagin induced autophagic cell death, whereas simultaneously triggering apoptosis in other cells. Cyto-ID Green reagent staining showed the relative fluorescence intensity of cells was increased in a time-dependent manner, indicating the occurrence of autophagy ( Figure 2B ). Similar data are achieved through MDC staining ( Figure 2C ). Lipidation of microtubule-associated protein 1 LC3, as an autophagy marker, coats autophagosomes during autophagy and is converted to LC3-II resulting in the appearance of the delayed electrophoretic mobility in gel (19) . LC3 immunofluorescence analysis showed punctuate LC3 II-labeled autophagolysosome vacuoles emitting green fluorescence were distinctly visible by fluorescence microscopy in the arenobufagin-treated HepG2/ADM cells as compared with control cells (Figure 2D ). Treatment with arenobufagin (20 nM) at various time points led to a significant increase in LC3-II ( Figure 2E ). This increase could be further enhanced by the pretreatment of the cells with pepstatin A, a protease inhibitor, which inhibits LC3-II turnover (19) (Figure 2E ). In addition, a trend of increased expression of other autophagy-associated proteins such as Beclin1, Atg5, Atg9 and Atg16L1 with attenuated expression of p62/SQSTM1 was also observed in arenobufagin treatment ( Figure 2E ). All these results supported the idea that arenobufagin induced autophagy in HepG2/ADM cells. Moreover, arenobufagin-induced autophagy was observed in HCC Hep3B, Bel-7402 and HepG2 cells as reflected by punctuate Cyto-ID and increased LC3-II (Supplementary Figure S3 , available at Carcinogenesis Online).
Inhibition of autophagy enhances arenobufagin-induced apoptotic cell death
It has been reported that autophagy may facilitate cell survival in adverse microenvironment, and inhibition of autophagy may trigger increased induction of apoptosis in cells (20) . Recent studies suggest that autophagy may cooperate with apoptosis to promote cell death (21, 22) . We, therefore, explored whether inhibition of autophagy increased apoptosis in HepG2/ADM cells under arenobufagin treatment. This transition to apoptosis can be interrogated using both pharmacological and genetic inhibitors of different points of the autophagic pathway and assessing the induction of apoptosis. Here, we use 3-methyladenine (3-MA), a specific autophagy inhibitor targeting the earliest stages of autophagosome formation, and chloroquine (CQ) and bafilomycin A (BA) that are autophagy-lysosomal inhibitors (23) . Alternatively, inhibition of autophagy can be achieved by selective inhibition of Beclin1 and Atg5 using RNA interference. Beclin1 is an essential autophagic gene that contributes to the initial vesicle nucleation and formation of autophagosome, whereas Atg5 participates in autophagic vesicle elongation and completion. Both Beclin1 and Atg5 are common targets for autophagy inhibition. Pretreatment with 3-MA remarkably attenuated the formation of acidic autophagic vacuoles in the presence of arenobufagin ( Figure 3A ) and blocked the appearance of LC3-II in gel ( Figure 3B ). Addition of 3-MA also increased the sensitivity of HepG2/ADM cells toward the cytotoxic effect of arenobufagin ( Figure 3C ) and significantly increased the proportion of apoptotic cells as reflected by PARP cleavage and decreased caspase-9 and -3 when compared with those with arenobufagin alone ( Figure 3B and D) . Similar phenomena were observed in cells treated with the combinational exposure to arenobufagin and pharmocological inhibitors (CQ or BA1), as well as in cells after genetic knockdown of the essential autophagy genes Beclin1/Atg5 ( Figure 3C and D). We also noticed that pretreatment with Beclin1/Atg5 siRNA duplexes could remarkably increase PARP cleavage in Hep3B and Bel-7402 cells treated with arenobufagin (Supplementary Figure S4 , available at Carcinogenesis Online). In summary, these results suggested that autophagy may protect cells from arenobufagin-induced apoptotic cell death, and blocking autophagy by pharmacologic or molecular inhibition improves the killing effect of arenobufagin in HepG2/ADM cells through increased apoptosis.
Arenobufagin inhibits the activation of PI3K/Akt pathways
Given the critical role of PI3K/Akt pathway in controlling cell survival/death in response to external stimuli (24), we investigated if arenobufagin activates the PI3K/Akt pathway and if this pathway plays a central role in arenobufagin-mediated cell death. Western blot analysis showed that the levels of PI3 kinase P110α (the catalytic subunit of PI3K) and Akt (including the isoforms of Akt1, Akt2 and Akt3) were decreased in HCC cells treated with arenobufagin ( Figure 4A , Supplementary Figures S5 and S6A , available at Carcinogenesis Online). Concomitantly, the degrees of phosphorylation of Akt at Ser 473 and Thr 308 and its upstream regulator PDK1 at Ser 241 and downstream effector c-Raf at Ser 259 were decreased, whereas phosphatase and tensin homologue deleted on chromosome ten (PTEN) phosphorylated at Ser 380 increased ( Figure 4A and Supplementary Figure  S7A , available at Carcinogenesis Online). These data together imply that arenobufagin may inhibit Akt with involvement of PTEN activation as well as PDK1 and PI3K inhibition.
To further identify the role of Akt in arenobufagin-mediated cell growth inhibition, we employed the inhibitor LY294002 or Akt siRNA to silence Akt. We then examined the impact of arenobufagin on cell viability. The results showed that inactivation of Akt by LY294002 or silencing Akt by siRNA tremendously sensitized HCC cells toward cytotoxicity of arenobufagin ( Figure 4B ). Combinational treatment with arenobufagin and LY294002 or Akt siRNA also strikingly increased analysis. β-actin was used as a loading control. (F) Effects of arenobufagin on translocation of Bax from cytosol to mitochondria. Level of Bax in cytosol and mitochondrial fractions from HepG2 and HepG2/ADM cells treated with arenobufagin at the indicated concentrations for 48 h were evaluated by western blot analysis. β-actin and Voltage-dependent anion channel (VDAC) were used as a loading control, respectively. ***P ≤ 0.001, one-way analysis of variance (ANOVA), post hoc comparisons, Tukey's test. Columns, means; error bars, standard errors (SEs). Figure 4E, top panel) . These results together revealed the inhibition of activation of PI3K/Akt pathway by arenobufagin and its central role in regulating apoptosis mediated by arenobufagin. Besides, arenobufagin-induced autophagy was slightly decreased in HepG2/ADM cells in the presence of PI3K activator ( Figure 4E, bottom panel) .
Dual role of mTOR in arenobufagin-induced apoptosis and autophagy
We further explored the impact of arenobufagin on mTOR, an important downstream executor of Akt. Arenobufagin treatment led to a marked decrease in mTOR and phosphorylated mTOR Ser 2448 and Ser 2881 ( Figure 5A and Supplementary Figure S7A , available at Carcinogenesis Online). mTOR can bind to Raptor to form rapamycin-sensitive TORC1 complex, which controls phosphorylation of p70S6K (70 kDa ribosomal S6 kinase (24)), also mTOR binds with another partner, Rictor, to form a rapamycin-insensitive complex, TORC2, which in turn modulates Ser 473 phosphorylation of Akt (25) . We, therefore, examined the effect of arenobufagin on these proteins. Arenobufagin decreased the levels of Raptor and p70S6K phosphorylated at Thr 389 ( Figure 5A ). In contrast with the elements in the TORC1 complex, Rictor expression was unchanged after arenobufagin treatment (Figure 5A ), indicating that the PI3K/Akt pathway may not be regulated by the Rictor-mTOR complex in arenobufagintreated HCC cells.
As mTOR is a well-known regulator of autophagy, the involvement of mTOR in the progress of autophagy in arenobufagin-treated cells was further consolidated. Fluorescence microscopy shows significant increase in the number of MDC-labeled vacuoles ( Figure 5B ) and western blotting analysis reveals higher LC3-II expression ( Figure 5D ) in cells treated with both mTOR blockers and arenobufagin compared with arenobufagin treatment alone. Taken together, this is evidence of increased autophagy. In addition, combined treatment of mTOR blockers and arenobufagin strikingly increased the population of annexin V-positive cells ( Figure 5C ) as well as specific cleavage of PARP, caspase-9 and -3 ( Figure 5D ) compared with arenobufagin treatment alone. This data indicate the induction of apoptosis. As expected, silencing mTOR with siRNA also significantly enhanced autophagy and apoptosis with arenobufagin treatment ( Figure 5B-D and Supplementary Figure S7B , available at Carcinogenesis Online). These data suggest that mTOR is involved in the regulation of both autophagy and apoptosis induced by arenobufagin. Inhibition of mTOR promoted the development of both autophagy and apoptosis.
Arenobufagin inhibits growth of HepG2/ADM cells xenografts in nude mice
In vivo anti-HCC activity of arenobufagin was evaluated in HepG2/ ADM xenografts in nude mice. After administration of arenobufagin at 3 and 6 mg/kg/day in mice with HepG2/ADM xenografts for 28 d, the tumor volume was significantly reduced by 42% and 51%, respectively ( Figure 6A and B) compared with placebo controls. The size and weight of tumors were obviously lower in treated groups than in control group ( Figure 6B ). Mice in the arenobufagin group maintained normal weight gain throughout treatment (Supplementary Figure S8 , available at Carcinogenesis Online) and did not show any abnormality in food intake or behavior. Western blot analysis in tissues from xenografts showed remarkable decrease in levels of proliferating cell nuclear antigen, PARP, total and phosphorylated mTOR as well as increase of LC3-II in arenobufagin-treated mice compared with control group (Figure 6C) . Immunostaining of histological sections for mTOR also showed that arenobufagin decreased the degree of phosphorylation of mTOR at Ser 2448 ( Figure 6D ). These in vivo data suggested that arenobufagin inhibits tumor growth and induces apoptosis and autophagy with suppression of mTOR in HCC cells.
Discussion
Arenobufagin, one of components of toad venom, which is listed in Chinese Pharmacopoeia and used to treat liver cancer in TCM, was only reported to be an effective cardiotonic agent (11) . As arenobufagin showed the most potent anti-HCC activity among all isolated cytotoxic bufadienolides (such as bufalin, arenobufagin, cinobufagin, telocinobufagin and hellebrigenin) (9,10) and had high content in toad venom (about 1.75%) (26) , we speculated that arenobufagin may be one of the central active ingredients of toad venom for the treatment of liver cancer. In this study, we demonstrated that arenobufagin markedly inhibited the proliferation of a wide variety of tumor cells including HCC cells. Arenobufagin was effective against not only Hep3B cells with HBV infection but also drug-sensitive HepG2 cells as well as multidrug-resistant HepG2/ADM cells. Its anti-HCC activity in vivo without weight loss or any other lifethreatening toxicities in animals supports its potential for further clinical investigation for liver cancer treatment. To our knowledge, this is the first report of the antineoplastic activity of arenobufagin against HCC.
Our data showed that arenobufagin induces mitochondria-mediated apoptosis in HepG2 and HepG2/ADM cells, accompanied by a decrease of mitochondrial potential, increase of Bax/Bcl-2 expression ratio and Bax translocation from cytosol to mitochondria, activation of caspase-3 and -9 as well as cleavage of PARP. In accord with our findings, some researchers reported that bufalin, a representative bufadienolide, inhibits the growth of a wide variety of cancer cells through induction of apoptosis and differentiation (27) (28) (29) , which is dependent on the molecular mechanisms involving downregulation of vascular endothelial growth factor receptor 1/2 (30), activation of Ap-1 via the Ras/Raf/mitogen-activated protein kinase cascade (31, 32) , regulation of protein kinase C isozymes (33) , inhibition of Na + , K + -adenosine triphosphatase (34) and initiation of Fas-and mitochondria-mediated apoptosis pathways (35) .
It is intriguing that the apoptotic rate in HepG2/ADM cells was much lower than that of HepG2 cells suggesting the presence of a cytoprotective mechanism. We thus examined whether arenobufagin induced autophagy. Autophagy is a catabolic process in which cells respond to various stress stimuli, such as hypoxia, nutrient starvation and DNA damage (36) . In this process, proteins or organelles, sequestered by double-membrane structures, fuse with lysosomes and are subsequently degraded by lysosomal hydrolases to be recycled to sustain metabolism (37) . However, the exact role of autophagy in cancer treatment, and whether it protects cells from cytotoxic effects of anticancer drugs by blocking apoptosis or kills cells as an alternate pathway of cell death is still controversial (38, 39) . Our data revealed that arenobufagin could induce autophagy accompanied by apoptosis in HepG2/ADM cells. We found that inhibition of autophagy by specific inhibitors (3-MA, BA and CQ) or Beclin1 + /Atg5 + siRNA markedly decreased cell viability and significantly increased apoptosis. Collectively, these results indicate that autophagy provides a protective mechanism against arenobufagin-induced apoptosis.
Increasing evidence indicates that the cross talk between autophagy and apoptosis is made especially complicated by the fact that they share many common regulatory molecules, such as p53, Bcl-2 and the PI3K/Akt/mTOR signaling pathway (40, 41) . It is well known that the PI3K/Akt/mTOR pathway plays an important role in cell growth, survival, differentiation and metabolism (24) . Inhibition of PI3K/Akt/mTOR signaling pathway causes cell death associated with apoptosis and/or autophagy (42, 43) . The present results indicate that arenobufagin regulates Akt and mTOR, as well as other key molecules PTEN, PDK1, c-Raf and p70S6K in PI3K/Akt/mTOR pathway. Either Akt-specific inhibitor LY294002 or Akt gene silencing by siRNA pretreatment caused the decrease in cell viability and corresponding increase of apoptosis, in comparison with arenobufagin treatment alone. It has been reported that phosphorylation of Akt at Thr 308 can regulate protein synthesis, proliferation and cell shape, whereas phosphorylation of Akt at Ser 473 is associated with resistance to apoptosis by controlling subcellular localization of pro-apoptotic proteins (24) . Our data showed that the decrease in Akt Ser473 phosphorylation in HepG2 cells was more and happened earlier than that of HepG2/ADM cells at the same concentration, whereas the decrease in Akt Ser308 phosphorylation was not obviously different in both cell lines. Considered that the apoptotic rate was higher in HepG2 cells, it can be concluded that phosphorylation of Akt at Ser 473 may play a protective role in arenobufagin-induced apoptosis. Furthermore, mTOR inhibitor rapamycin or mTOR siRNA pretreatment not only enhances the apoptotic-inducing activity and anticancer efficacy of arenobufagin but also potentiates autophagy induction. Consistently, PI3K activator pretreatment decreased the appearance of apoptosis and autophagy induced by arenobufagin, which further proved the critical role of PI3K/Akt/mTOR pathway. The phenomenon in which inhibition of mTOR enhances arenobufagin-induced autophagy is consistent with the notion that inhibiting the PI3K/Akt/mTOR pathway stimulates autophagy, namely, mTOR regulates various steps of autophagosomal vesicle formation by the functions downstream Atg1 Ser/Thr protein kinase complex or stimulates autophagocytosis by activating p70S6K via a feedback inhibition of insulin signaling pathway to activate the FoxO3 pathway (40) . It should also be pointed out that mTOR has broad functions other than autophagy induction. Previous studies also have proven mTOR to be a regulator of apoptosis in various cancer cells (44) (45) (46) . It was recently reported that mTOR inhibitor rapamycin could downregulate Bcl-XL to promote apoptosis (47) . Moreover, the downstream target of mTOR, p70S6K, can potently block Bad-induced apoptosis by phosphorylation of Bad at S136 site to disrupt Bad's binding to Bcl-XL and/or Bcl-2 (48). Thus, inhibition of mTOR possibly increases apoptosis. Given that autophagy may antagonize apoptosis in arenobufagin-treated cells, it seems to be controversial that stimulation of autophagy and apoptosis appears simultaneously after rapamycin or mTOR siRNA pretreatment. However, it should be taken into account that there are three types of autophagy: (i) basal housekeeping autophagy, which is important for protein and organelle turnover; (ii) starvation and DNA damage-induced autophagy, which promotes cell survival and (iii) autophagy that exceeds the safe threshold and leads to cell death (38) . Scott et al. (49) found that cells with high levels of Atg1-induced autophagy are rapidly eliminated by hardwiring of the autophagic process to pro-apoptotic signals. Therefore, it is speculated that inhibition of mTOR by rapamycin or mTOR siRNA pretreatment not only induces apoptosis but also markedly enhances the autophagy and the excessive autophagy may act as apoptosis partners to induce cell death. Our results first demonstrated that mTOR might act as an important factor governing the cross talk between apoptosis and autophagy. Nevertheless, the role of mTOR in modulating arenobufagin-induced cell death appears complicated and needs to be further explored.
It has recently been demonstrated that the aberrant activation of PI3K/Akt/mTOR signaling pathway is implicated to a poor prognosis and has a critical role in the pathogenesis of HCC. The inhibition of this pathway decreases the lipogenesis activation and hepatocarcinogenesis as well as benign prognosis of human HCC. mTOR inhibitors such as everolimus and sirolimus show antineoplastic effects in human HCC (50, 51) . In this study, we noticed arenobufagin could induce apoptosis and autophagy on several HCC cells, suggesting that the compound has comprehensive effects on HCC cells. Moreover, the appearance of apoptosis and autophagy after arenobufagin treatment is closely linked to the inhibition of PI3K/Akt/ mTOR pathway, demonstrating this pathway plays a pivotal role in HCC treatment. Besides, given that arenobufagin-induced apoptosis and autophagy, which protected cells from apoptotic cell death were both enhanced after the inhibition of mTOR, it should be pointed out that this pathway has a controversial role in HCC treatment. It seems necessary to combine chemotherapeutics with autophagy inhibitors for liver cancer treatment in some specific conditions. We also noticed that some proteins associated with PI3K pathway were changed after arenobufagin treatment. It might be due to that arenobufagin affects the upstream of PI3K/Akt/mTOR pathway (such as Na + /K + -adenosine triphosphatase) or the effects of arenobufagin are multiple targets. However, it is no doubt that the antineoplastic mechanisms of arenobufagin are complex. The research on targets and molecular mechanisms underlying many changed proteins is undergoing at present.
In summary, we demonstrated the cell growth inhibitory effect of arenobufagin from toad venom on HCC cells both in vitro and in vivo. We elucidated the underlying mechanism that involves cross talk between apoptosis and autophagy via inhibition of PI3K/Akt/mTOR
